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1. Introduction and background 
1.1 The importance of ethanol in forensic toxicology 
Ethanol has a long history as the most important substance within the field of forensic 
toxicology. In living humans, this molecule is present at low endogenous levels, but it can 
also be ingested in doses large enough to cause intoxication and criminal behaviour such as 
drunk driving.
The endogenous blood concentrations of ethanol in living subjects are too low to be 
detected by regular toxicological analyses. However, because of glucose fermentation due to 
micro-organisms, these levels might rise considerably after death, leading to endogenous 
ethanol levels that are difficult to differentiate from those caused by ingestion. 
Oxidative metabolism, which is the main pathway for ethanol, has been subject to a large 
amount of research, but non-oxidative pathways have been studied much less. This thesis 
concerns this minor ethanol metabolism, and the use of two non-oxidative products; ethyl 
glucuronide and ethyl sulphate, within forensic toxicology.
1.2 Oxidative metabolism of ethanol 
The first to present a mathematical approach to the kinetics of ethanol was Widmark in the 
1930s (1,2), but ethanol absorption and elimination had been studied even earlier (3). 
During the decades that followed, ethanol metabolism was investigated in great detail (4-8). 
Ethanol is most readily absorbed from the small intestine (9) and has a variable 
bioavailability, according to prandial state and size of the dose ingested (9-15). It can reach 
its maximum concentration (Cmax) in blood 30 minutes or less after ingestion on an empty 
stomach whereas absorption can take as long as 2 hours or more if it is administered with 
food (16-20). 
Most ethanol is metabolised in the oxidative pathways, and around 90% of the ingested dose 
is metabolised by the enzyme alcohol dehydrogenase (ADH) to acetaldehyde and further to 
acetate by the enzyme acetaldehyde dehydrogenase (ALDH) (21). ADH is also present in 
the stomach and this is considered to be one mechanism for the lower bioavailability if the 
ethanol remains in the stomach for some time before absorption (22-24). Some of the 
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ingested ethanol is also transferred to acetaldehyde by the cytochrome P450 system, mainly 
by the isoform 2E1 (25). In heavy drinkers, this enzyme is induced, which is one of the 
mechanisms for accelerated ethanol metabolism in these subjects (26). A very minor amount 
of ingested ethanol, 2-5%, is excreted directly in sweat, breath, urine or saliva (21).
1.3 Non-oxidative metabolism of ethanol; ethyl glucuronide and 
ethyl sulphate 
This work deals with the non-oxidative metabolism of ethanol. A very small amount 
(<0.2%) of the ingested ethanol undergoes phase II reactions leading to formation of the 
conjugated metabolites ethyl glucuronide (EtG) (27,28) and ethyl sulphate (EtS) (29-31). 
The formation of EtG is a result of the reaction between ethanol and glucuronic acid, 
catalysed by the enzyme uridine diphosphate glucuronosyl transferase (UGT). UGT is 
located in the endoplasmatic reticulum, mostly in the liver (32), but animal studies have 
indicated that this glucuronidation also occurs in lung tissue (33). EtS is formed after 
conjugation with sulphate (3´-phosfoadenosine 5´-phosfosulphate) catalyzed by the 
cytosolic sulphotransferase (SULT), also present in the liver and to a smaller degree in the 
pulmonary cells, according to animal studies (29). 
EtG was first described in 1901 and verified in 1952 (28) while EtS was first described in 
the literature in the 1960s (30). In the last few decades, numerous articles have been 
published describing the analyses of these metabolites. EtG and EtS have gained popularity 
and interest because of their high sensitivity and specificity as biomarkers for alcohol intake 
(34-40).
Research up to the year 2000 only concerned EtG. After this, EtS was included in the 
analytical repertoire of many laboratories and, since 2006, most studies have included both 
metabolites. In this thesis, only EtG will be mentioned in discussion of earlier research, 
while both EtG and EtS are mentioned together in discussion of the more recent studies.  
EtG and EtS have mostly been used as relapse markers for alcohol ingestion, measured in 
urine (41-61) and rarely in other matrices (62,63). Also, EtG has recently been suggested as 
a marker of chronic high alcohol intake, measured in hair (64-76). According to the research 
so far, the sensitivity and specificity exceeds that of the traditional markers for chronic high 
9
alcohol intake, like the liver enzymes aspartate aminotranserase (AST), alanine 
aminotransferase (ALT) and gamma-glutamyl transferase (GGT) as well as carbohydrate-
deficient transferrin (CDT) (34,35,77-80).    
On the other hand, EtG and EtS have nearly never been mentioned in the context of forensic 
toxicology (40,81). The aim of this thesis was to study two aspects of EtG and EtS; their 
presence in post mortem cases and their blood kinetics in living subjects. The intention was 
to apply this knowledge to the use of these metabolites in forensic toxicology. To do this, 
knowledge about the serum/whole blood ratio for EtG and EtS would also be needed.
1.4 Presence of EtG and EtS post mortem 
1.4.1 Determination of post mortem ethanol origin 
Post mortem formation of ethanol is a common problem in forensic toxicology (82-88). 
Usually low levels (<0.5 g/L) are seen, and findings are not, therefore, relevant to cause of 
death, but they may be important for other reasons, such as legal and insurance related 
issues linked to car accidents. Occasionally, levels of ethanol can reach significant 
concentrations (>1.5 g/L) (89-92). There are a large number of examples, especially from 
traumatic accidents, where high ethanol concentrations are considered to be false positives. 
For example, one of the corpses from the explosion on the American battle ship USS Iowa 
had a BAC of 1.9 g/L post mortem (91). From American aircraft accidents, very likely or 
possible false positive ethanol findings were concluded in 27% and 46% of the ethanol 
positive cases, respectively (82,89,90). The findings of 1.75 g/L ethanol in the blood of 
Princess Diana’s driver in the fatal car accident has been questioned (88) as well as the 
Austrian politician, Jørg Haider’s, BAC of 1.8 g/L (93).  
Although post mortem formation of ethanol can be prevented by refrigeration of the corpse 
(83) and addition of fluoride ions to blood samples (94-97), formation still might occur in a 
significant number of cases. It has been suggested that approximately 50% of the cases with 
ethanol at a level of 0.1 g/L could be explained by endogenous formation, with lower 
frequencies at higher BACs (98). The substrate used for post mortem ethanol synthesis is 
most often glucose (99), and bacteria are responsible for the formation (97,100). For this 
reason, more severe formation would be expected after trauma, especially abdominal 
(83,101). Different criteria have been used to determine whether detected ethanol is post 
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mortem or ante mortem in origin. The case history, of course, provides important 
information, but the degree of putrefaction of the corpse (85,87,102) has also been decisive. 
The distribution of ethanol between different body fluids has been used to distinguish 
exogenous ethanol from that formed post mortem (103-105), as ethanol was thought to be 
most easily formed in blood. However, this method is not reliable, as formation in urine and 
even in vitreous humour has occurred (85,106). For more specific markers of ante mortem 
alcohol ingestion, the altered concentration ratio between the serotonin metabolites 5-
hydroxytryptophol (5-HTOL) and 5-hydroxyindole-3-acetic acid (5-HIAA) in urine has 
briefly been suggested (107-110), as this rises after ethanol ingestion (111), but its use as a 
marker of ante mortem alcohol ingestion has never been studied in detail. We wanted to 
know whether EtG could be used for this purpose.
1.4.2 Earlier studies of EtG post mortem 
Wurst et al introduced the idea of using EtG in post mortem material in 1999 (112) when 
they measured EtG in post mortem serum and urine in 3 alcoholics and 2 abstainers (113). 
They also analysed EtG in fat, liver, brain and cerebrospinal fluid in some of these subjects.  
After the start of our work, one research group published an LC-MS/MS method, modified 
from an earlier urine method which they used for post mortem blood in 12 cases (114). They 
also studied stability of EtG in liver and skeletal tissue (n=3) (115). Recently, more case 
reports where EtG was used post mortem and a stability study have been published (116-
119).
1.5 Blood kinetics of EtG and EtS in living subjects 
1.5.1 Determination of time of alcohol ingestion  
Forensic toxicologists are often asked to determine, by the use of blood ethanol 
measurements, at what time, related to an incident, a living suspect ingested alcohol. This is 
especially frequent in cases of drunk driving. A person suspected of driving under the 
influence (DUI) might claim that alcohol was ingested after the incident and that he/she had 
been abstinent for a certain period before driving (the hip flask defence) (120). One single 
ethanol result yields no information about time of ingestion, but the police often draw two 
subsequent blood samples for ethanol analysis, separated by ~30 minutes. These samples 
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are often collected ~1.5-2 h after the incident (121). The toxicologist is then able to 
determine if the suspect was in absorptive or post absorptive phase. If the person is in the 
absorptive phase (had increasing levels of ethanol in two subsequent samples), this 
strengthens his/her explanation of drinking after the incident. On the other hand, if the 
suspect is in post absorptive phase, this does not necessarily exclude the explanation, 
because maximum ethanol values might be reached as early as 30 minutes after end of 
drinking (16,18), and most blood samples are collected after this (121,122). Some 
researchers have also used of the urine/blood ratio for ethanol (17,123,124) and 
measurements of congener alcohols (125-129) to determine time of alcohol ingestion in 
such cases. We hypothesised that EtG and EtS could be used for this purpose.
1.5.2 Earlier studies of EtG and EtS blood kinetics 
Most research on EtG and EtS has been performed in urine and there are far fewer 
publications regarding blood. The analysis in serum using both GC-MS (53) and LC-MS 
(130) was published around 1995. For whole blood, there are no earlier publications we 
have been able to find. 
One single study of EtG kinetics in serum had been published prior to our work. Ten 
volunteers were administered 44-80 g of ethanol and EtG and ethanol were measured in 
serum until breath ethanol was negative, in most subjects ~8 h after drinking. Therefore, the 
terminal elimination of EtG was missed. The published study protocol was not described in 
detail and information on the type of alcohol, fasting state and food ingestion during the 
study was missing (131,132). A case report describing infusion of ethanol reaching 2.7 g/L 
in blood, including EtG concentration measurements had also been published (133). 
After our work, another kinetic study of EtG and EtS in the serum of social drinkers was 
carried out (134) and an LC/MS method for EtG in plasma (135) and an LC-MS/MS method 
for serum (136) as well as for dried blood (137) have been published. Also, EtG and EtS 
were measured simultaneously in serum with LC-MS/MS (134,138).
1.6 Use of whole blood in forensic toxicology 
Most clinical laboratories perform their analyses in serum, obtained from whole blood by 
centrifuging the sample after collection and discharge the solid layer, which represents 
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blood cells, mostly erythrocytes. The distribution of a molecule between the plasma water 
and the erythrocyte fraction of the blood will differ according to the molecule’s size, water 
solubility, degree of plasma protein binding and other factors (139,140). Forensic 
toxicology uses whole blood as a medium and the serum/whole blood ratios are therefore 
important when results are compared to those from clinical laboratories. For instance, the 
concentration of tetrahydrocannabinol has been found to be almost twice as high when 
measured in serum rather than in whole blood (141). This ratio is also well known for 
ethanol (142-145), but no such data existed on EtG and EtS.
1.7 Summary
As described in section 1.4, there were no definite criteria to determine the origin of a post 
mortem ethanol result, and a marker of ante mortem alcohol ingestion was needed. We 
wanted to investigate the use of EtG for this purpose systematically, as this idea had only 
been mentioned briefly in the literature.  
As explained in section 1.5, only limited methods existed to determine time of alcohol 
ingestion in living subjects and additional methods were needed. The use of EtG for this 
purpose had been mentioned briefly (132). We wanted to study the blood kinetics of EtG 
and EtS and hypothesised that if the blood kinetics of EtG and EtS were well known, the 
measurement of these ethanol metabolites could be helpful.
As described in section 1.6, the serum/whole blood ratio for EtG and EtS had never been 
published. If EtG and EtS were to be used in forensic toxicology, making analyses in whole 
blood, the serum/whole blood ratios would be important knowledge. 
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2. General and specific aims 
2.1 General aim 
As lined out in the introduction, the general aim of this thesis was to study the ethanol 
metabolites EtG and EtS and to apply this knowledge within forensic toxicology. 
2.2 Specific aims
On the basis of the summary of the introduction, the studies below were carried out with the 
following, more detailed, aims: 
1. To investigate the use of EtG as a marker of ante-mortem alcohol ingestion in post 
mortem cases (paper I, II and III). 
2. To study the stability of EtG, and hence the possibility of false negative or false 
positive results, in post mortem cases (paper II and III).  
3. To describe the blood kinetics of EtG in social drinkers after ingestion of low dose 
of ethanol (paper IV).
4. To describe the blood elimination of EtG and EtS in heavy drinkers after ingestion 
of large and repeated doses of ethanol (paper V). 
5. To use EtG and EtS kinetics in addition to ethanol in determining time of ethanol 
ingestion in, for instance, cases of drunken driving (paper IV and V). 
6. To determine a serum/whole blood ratio for EtG and EtS (paper VI). 
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3. Summaries of the results 
3.1 Paper I 
A study of ethyl glucuronide in post-mortem blood as a marker of ante mortem 
ingestion of alcohol 
In this study, we wanted to evaluate the sensitivity and specificity of EtG in blood as a 
marker of ante mortem alcohol ingestion. Forensic autopsy cases were divided into groups 
with and without ante mortem alcohol ingestion, according to strict inclusion criteria. The 
criteria for alcohol ingestion were: anamnestic history of alcohol ingestion before death, 
equal or higher level of ethanol in urine or vitreous humour, no trauma prior to death, no 
other putrefactive products detected (n-propanol, isopropanol) and no reported putrefaction 
of the corpse. In 93 cases (group 1a-1c) which fulfilled the criteria for ante-mortem alcohol 
ingestion, EtG was detected in blood in all cases, even when levels of ethanol were low 
(group 1c). In another 53 cases (group 2a and 2b) where there were no indications of ante 
mortem alcohol intake, EtG could not be detected in blood in a single case, including 11 
cases in which ethanol was detected and considered to be most probably formed post 
mortem (group 2b). 









1a Alcohol ingested, high BAC 41 41 1,2 - 40 4,80 
1b Alcohol ingested, 
intermediate BAC 
40 40 0,5 - 56 3,60 
1c Alcohol ingested, low BAC 12 12 0,11 - 4,0 0,77 
2a Alcohol not ingested, no 
endogenous ethanol 
42 0 <LOQ <LOQ 
2b Alcohol not ingested, 
endogenous ethanol 
11 0 <LOQ <LOQ 
Table 1.  
Description of groups, number of cases positive for EtG, and concentration levels (median, range).  
In addition, 4 ethanol positive problem cases were presented, in which endogenous 
formation of ethanol was suspected. In three of these, no EtG was detected in blood, and this 
strengthened the assumption of post mortem ethanol formation. In the fourth case, a 17 year 
old male who died in a car accident, EtG was detected in blood in a concentration of 1.3 
mg/L, which strongly suggested ante mortem ingestion of alcohol. In conclusion, this study 
showed that ante mortem alcohol ingestion led to detection of EtG post mortem, while no 
EtG was detected if alcohol was not ingested ante mortem. 
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3.2 Paper II 
Disappearance of ethyl glucuronide during heavy putrefaction 
In paper I, we found a high sensitivity and specificity of EtG as a marker of ante mortem 
alcohol ingestion. Putrefied cases were, however, deliberately excluded from this study and 
the stability of EtG during putrefaction was unknown. The aim of paper II was to investigate 
this stability and the possibility of false negative and false positive EtG results. For this, we 
used an in vitro study. Further, we used the information from the in vitro study on real cases 
to get an impression of the practical problems of degradation or formation of EtG.  
Both degradation and formation of EtG was investigated. In the in vitro experiment, EtG 
was very unstable, and the concentrations decreased in blood samples at 30/40˚C without 
preservatives. This experiment was designed to simulate putrefaction in the corpse. On the 
other hand, EtG was stable with potassium fluoride at room temperature. This was designed 
to simulate storage in the laboratory. There was no formation of EtG either at 30/40˚C
without preservatives, or at room temperature with potassium fluoride.  
To illustrate the practical problems of degradation or formation of EtG, we used real 
autopsy samples analysed for EtG in blood. A case series of 39 post mortem ethanol 
positive cases sent routinely to the Norwegian Institute of Public Health for toxicological 
analysis were described. In 19 of these, EtG was positive in blood, with a median 
concentration of 1.6 mg/L (range 0.2-34.9). In the other 20 cases, EtG was negative in blood 
and the ethanol detected was, therefore, suspected to be of post-mortem origin. In 15 of 
these, a urine sample was available. We hypothesised that since concentrations are often 
higher in urine, there would still be traces of EtG left in this medium if post-mortem 
degradation was the reason for the negative result in blood. The results of analysis of EtG in 
urine demonstrated that 6 of the 15 cases were positive for EtG in urine, suggesting that the 
negative EtG in blood was a false negative. The other 9 showed no trace of EtG in urine, 
making the assumption of post mortem alcohol formation more reliable.  
In conclusion, this study indicated that false negative results caused by degradation could 
occur, but we found no indication of false positive results caused by formation. 
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3.3 Paper III 
In vitro formation of ethanol in autopsy samples containing fluoride ions
This is a case report describing substantial post mortem formation of ethanol despite the 
presence of preservative. In a post mortem blood sample from a diabetic patient, the 
concentration of ethanol increased from 0.4 g/L to 3.5 g/L during 8 days of normal storage 
in the laboratory (4ºC). The concentration in urine increased from 0 to 0.6 g/L. After 30 
days, there was no trace of EtG in blood or urine. This indicated that no ethanol was 
ingested before death and also showed that no EtG was formed during this period despite 











1 - 0 - -
2 0.4 - - -
7 2.1 - - -
10 3.5 0.6 - -
30 - - 0 0
Table 2. 
Levels of ethanol and EtG in blood and urine. 
The samples were collected using standard equipment for post mortem cases at the 
Norwegian Institute of Public Health. These contain potassium fluoride as a preservative. 
The presence of fluoride in the blood and urine samples was verified by analysis. The 
concentrations were somewhat lower than expected, but this could be caused by the 
analytical method used. Microbiological analysis of the blood sample revealed the presence 
of E. coli as well as the anaerobic bacteria Clostridium, Bacteroides and Prevotella species.
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3.4 Paper IV 
A pharmacokinetic study of ethyl glucuronide in blood and urine: Applications to 
forensic toxicology
10 healthy male volunteers ingested 0.5 g ethanol per kg body weight in a fasted state. 
Median age was 24 years (range 21-46) and median body mass index was 23.9 kg/m2 (range
20.1-28.3). They were all social drinkers with a median use of 32.5 standard drinks/month 
(range 10-60), and had abstained from alcohol during the week preceding the study, 
according to self-report. Blood and urine samples were collected for 14 h and 45-50 h after 
drinking, respectively.
Maximum concentrations (Cmax) of EtG were reached after median 4 h (range 3.5-5), a 
median of 3 h (range 2-4.5) after Cmax for ethanol. Maximum concentrations of EtG in blood 
ranged between 0.27 and 0.50 mg/L, with a median value of 0.32 mg/L. The maximum 
concentrations of ethanol in blood ranged between 0.49 and 0.78 g/L, with a median value 
of 0.58 g/L. The ethanol-to-EtG ratios in blood (ethanol in g/L, EtG in mg/L) were >1 only 
for the first median 3.5 h (range 2.5-3.5) after drinking. EtG elimination occurred with a 
median half-life of 2.2 h (range 1.7-3.1 h), and the renal clearance was 8.32 L/h (median, 
range 5.25-20.86). Total detection time was median 10 h (range 10-14) for EtG in blood.
The concentrations of EtG were always much higher in urine than in blood. The maximum 
concentrations of EtG in urine ranged between 41 and 73 mg/L, with a median value of 47 
mg/L. The total amount of EtG excreted in the urine was median 30 mg (range 21.5-39.7), 
representing 0.017% (median, range 0.013-0.022) of the ethanol given, on a molar basis. 
Total detection time was median 30 h (25-35) for EtG in urine.  
In conclusion, this study described in detail the blood kinetics of EtG and indicated that if 
alcohol ingestion occurred only a few hours before blood sampling, low and increasing 
levels of EtG would be expected. 
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3.5 Paper V 
Pharmacokinetics of ethyl glucuronide and ethyl sulphate in heavy drinkers
16 chronic heavy drinkers who stopped drinking <24 h earlier were included directly after 
admission to an alcohol withdrawal clinic. Each patient was thoroughly interviewed about 
their alcohol consumption, time of last ingestion, use of other drugs or medicines and 
relevant diseases. On admission, and repeated at varying intervals for the next 20-43 h, 3-5 
blood samples were drawn. The median age was 46 years (range 39-61) and the median 
body mass index was 26 kg/m2 (range 19-39). The median EDI the last 3 months was 172 g 
(range 60-564). All subjects, therefore, fulfilled the criteria for heavy drinking.  
The first blood sample was collected median 2.5 h after end of drinking (range 0.5-23.5).
Two patients had levels of EtG and EtS below LOQ (0.09 mg/L) in all samples, the first 
collected 19.25 and 23.5 h after cessation of drinking, respectively. Of the remaining 14 
patients, one subject, suffering from both renal and hepatic disease, showed concentrations 
of EtG and EtS substantially higher than the rest of the patients. This patient’s initial value 
of EtG was 17.9 mg/L and of EtS 5.9 mg/L, with terminal elimination half lives of 11.9 h 
for EtG and 12.5 h for EtS. Among the remaining 13 patients, the initial median values were 
0.7 g/L (range 0-3.7) for ethanol, 1.7 mg/L (range 0.1-5.9) for EtG and 0.9 mg/L (range 0.1-
1.9) for EtS. Elimination occurred with a median half-life of 3.3 h for EtG (range 2.6-4.3) 
and 3.6 h for EtS (range 2.7-5.4). Concentrations of EtG and EtS returned to below or just 
above LOQ after median 23.5 h (range 7-40).  
In conclusion, this study indicated that the blood kinetics of EtG and EtS did not differ 
considerably between social and heavy drinkers. One important exception was the subject 
suffering from kidney disease, but this condition was not necessarily related to alcohol 
abuse.
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3.6 Paper VI 
Serum/whole blood concentration ratio for ethyl glucuronide and ethyl sulphate
Serum/whole blood ratios for EtG and EtS were determined by withdrawing two blood 
samples simultaneously, one for analysis in serum and one for analysis in whole blood, from 
13 subjects at admission to an alcohol detoxification unit. EtG and EtS were analyzed in 
serum and whole blood with calibration standards and controls prepared both in serum and 
in whole blood. The median serum/whole blood value for EtG was 1.69 and the range was 
1.33-1.90. For EtS, the median serum/whole blood ratio was 1.30 and the range was 1.08-
1.47. The serum/whole blood ratio was significantly lower for EtS than for EtG (p<0.001).  
In conclusion, this study showed that concentrations of EtG and EtS were higher when 
measured in serum compared to whole blood. 
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4. Methodological considerations 
4.1 Analysis of EtG and EtS in blood and urine 
The analytical methods used to determine EtG and EtS in whole blood and urine samples in 
the papers included in this thesis were fully validated LC-MS methods comprising the use 
of deuterated internal standards for both compounds. Until 2006, we only analysed EtG. EtS 
was later included in the EtG and EtS blood and urine methods, respectively.  
The LOQ for EtG and EtS in blood was 0.058 mg/L and 0.021 mg/L, respectively and the 
LOQ for EtG and EtS in urine was 0.19 mg/L and 0.12 mg/L, respectively. These values 
were considered satisfactory for the purpose of this thesis. 
The method’s precision and accuracy was determined during the method validation and is 
included in papers I, IV, V and VI. In 2006, 131 urine samples were analysed for EtG using 
our methods at the Norwegian Institute of Public Health (NIPH). Three months later, the 
same samples were reanalysed for EtG at Karolinska University Hospital (KUH), 
Stockholm, Sweden, using a fully validated, published method (44) (table 3, unpublished 
results). The samples were collected from healthy volunteers in the drinking experiment 
(paper I) using Sterilin tubes without preservatives and stored at 4ºC. Comparing the results 
showed slightly lower values from the NIPH compared to KUH, with only 13 of 131 
samples having a NIPH/KUH ratio above 1. This strengthened the assumption that there 
was no instability of EtG during the 3 months storage. 45 of the samples were negative for 
EtG, 86 were positive. Of these, a mean NIPH/KUH ratio of 0.92 was found (SD 0.15) 
(table 3). The calibration curve differed between the two methods, including higher 
concentrations at the KUH (highest standard 1500 mg/L vs 40 mg/L). Only very few 
samples contained more EtG than 40 mg/L, but among these, the results from KUH would 
be the most reliable. The results were considered satisfactorily similar and analytical 
variations are therefore unlikely to have biased the results in this thesis. 
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Table 3. Results of the analyses of the same positive urine samples (n=86) at the Norwegian Institute of Public 


































1 4.96 6.75 0.73 30 6.98 6.74 1.04 59 36.76 44.3 0.83 
2 6.29 8.32 0.76 31 1.6 1.49 1.07 60 21.83 24.3 0.90 
3 34.89 50.9 0.69 32 0.18 0.16 1.13 61 2.49 2.77 0.90 
4 36.64 47.6 0.77 33 0.15 0.1 1.50 62 2.09 2.37 0.88 
5 52.73 72.5 0.73 34 19.16 18.4 1.00 63 1.57 1.6 0.98 
6 17.33 19 0.91 35 6.68 6.68 1.00 64 0.47 0.55 0.85 
7 3.2 3.52 0.91 36 6.84 6.94 0.99 65 4.78 5.65 0.85 
8 0.33 0.4 0.83 37 9.2 9.86 0.93 66 32.46 38.4 0.85 
9 0.31 0.46 0.67 38 21.01 23.9 0.88 67 63.13 90.2 0.70 
10 0.15 0.18 0.83 39 5.2 5 1.04 68 23.34 24.9 0.94 
11 26.56 29.7 0.89 40 2.62 2.86 0.92 69 10.67 12.2 0.87 
12 47.23 63.4 0.74 41 0.81 0.73 1.11 70 12.26 14.7 0.83 
13 24.85 29.9 0.83 42 1.42 1.71 0.83 71 2.51 2.81 0.89 
14 28.71 33.6 0.85 43 10.72 6.33 1.69 72 2.36 2.76 0.86 
15 24.17 29.1 0.83 44 10.67 13.3 0.80 73 1.16 1.31 0.89 
16 9.78 9.93 0.98 45 17.45 10.8 1.62 74 0.27 0.29 0.93 
17 6.25 6.48 0.96 46 3.52 4.05 0.87 75 0.13 0.08 1.63 
18 2.03 2.55 0.80 47 1.73 1.7 1.02 76 0.2 0.19 1.05 
19 0.68 0.79 0.86 48 0.31 0.32 0.97 77 16.03 17.4 0.92 
20 0.22 0.33 0.67 49 4.95 5.51 0.90 78 43.13 50.2 0.86 
21 0.13 0.35 0.37 50 16.34 28.2 0.58 79 6.34 6.49 0.98 
22 10.38 11.9 0.87 51 14.48 15.4 0.94 80 3.11 3.24 0.96 
23 62.81 83.9 0.75 52 33.28 39 0.85 81 2.35 2.63 0.89 
24 20.86 26.2 0.80 53 8.94 8.81 1.01 82 33.12 41.7 0.79 
25 6.96 8.23 0.84 54 1.18 1.46 0.81 83 53.85 72.3 0.74 
26 9.87 12.8 0.77 55 1.07 1.35 0.79 84 7.96 9.08 0.88 
27 2.77 2.84 0.98 56 0.17 0.19 0.89 85 17.11 18.7 0.91 
28 1 1.11 0.90 57 19.56 18.8 1.04 86 38.46 54.6 0.70 
29 0.58 0.59 0.98 58 5.49 6.01 0.91 
4.2 Post mortem presence of EtG
Paper I had methodological weaknesses. First, there was a problem with the classification of 
cases into “alcohol ingested before death” or “no alcohol ingested before death”. To be able 
to determine the sensitivity and specificity of EtG as a marker of ante mortem alcohol 
ingestion in post mortem cases, a gold standard was needed. This was complicated as there 
was no reliable criterion for post mortem alcohol formation. We, therefore, had to use all 
available criteria together to minimize the chance of misclassifying cases. The cases 
included in this paper were those in which classification of ethanol origin would be easiest, 
as all criteria for alcohol ingestion were fulfilled in group 1 (table 1, page 15), and all 
criteria for post mortem formation were fulfilled in group 2. The most problematic criterion 
was the absence of putrefaction of the corpse. We used this as a criterion for the ethanol 
detected being caused by ingestion before death, as it minimized the chance of endogenous 
formation of ethanol. A case in which the corpse was putrefied was, therefore, excluded 
from group 1. In group 1a and 1b, where blood alcohol levels were high or intermediate, this 
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was a smaller problem, but in group 1c, where BAC, and expected EtG, was low, inclusion 
of putrefied cases could have led to false negatives due to degradation of EtG. This would 
have lowered the sensitivity. Correspondingly, the group 2b, in which endogenous 
formation of ethanol was assumed because of presence of putrefaction, this could be 
misclassified and the negative EtG could be caused by degradation. On the other hand, the 
fulfilment of all the other criteria made this less probable. Paper I investigated EtG as a 
marker of ante mortem alcohol ingestion, but this study did not include complicated cases. 
Unfortunately, these complicated cases are those where the classification of ethanol as 
endogenous or exogenous is most difficult to assess, and where EtG is most needed.   
Second, the work in paper I depended on correct information from forensic pathologists on 
case history and putrefaction of the corpse as we had no way to check that information.  
Third, as the cases were included retrospectively, the samples used were up to 5 years old. 
This was necessary to obtain a sufficient number of cases. During this period, the samples 
were stored at the laboratory at -20ºC and they did contain potassium fluoride as a 
preservative. Considering the good stability of EtG during storage, this was assumed not to 
represent a large methodological problem. 
The in vitro study in paper II also had obvious weaknesses. The part of the study where 
blood samples without preservatives were incubated at 30/40ºC, aimed to simulate the 
putrefaction occurring in a corpse, before sample collection. The ideal model of this would 
be to store a corpse under different conditions and collect blood samples before and 
immediately after death and then at varying intervals. This model was considered unethical, 
and other ways to use an intact corpse, for example animal models, were considered less 
representative. We, therefore, had to use samples of post mortem blood and these might 
have behaved differently from a whole corpse, where, for example, continual degradation 
would keep adding micro-organisms to the blood.  
Also, in a better design we would have studied a number of blood aliquots drawn from the 
same corpse, to exclude analytical and other errors by verifying that the EtG in identical 
samples behaved similarly. Since the amount of peripheral blood available from a corpse 
was limited, we chose to study one large blood aliquot from each corpse instead of several 
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smaller ones. This was to prevent the withdrawal of blood for analysis from changing the 
volume significantly and altering the conditions for further degradations.
The part of paper II with blood samples containing potassium fluoride was aimed to 
simulate sample storage in the laboratory and represented fewer methodological problems. 
We used samples sent to the Norwegian Institute of Public Health routinely for toxicological 
analysis, but selected the samples directly after arrival. The stability in these samples was 
studied for the same time, 3 weeks, and storage at 4/-21ºC for a longer time period was not 
investigated.  
In papers I and II, we assumed that the samples contained fluoride when standard equipment 
was used and the presence of fluoride ions was not verified. Of course, it would have been 
better to verify this by analysis of fluoride ions in every single sample. However, the 
markedly improved stability in the samples with fluoride (paper II) made the absence of 
fluoride highly unlikely. In paper III, presence of fluoride was verified. The concentration 
(corresponding to 0.21% w/v potassium fluoride in blood and 0.25% w/v in urine) was 
lower than the recommended 1% w/v. There are two possible explanations for this: First, the 
analytical method detected only free fluoride ions and the amount bound to calcium, 
proteins and other compounds in blood could constitute a significant part. Second, the 
amount of potassium fluoride, added manually, might have been too small in these 
particular two vials. It would be easier to interpret the findings if a series of samples were 
analysed and the results compared. We realised this after we received the results from the 
first sample. The analysis of fluoride in whole blood was complicated, and unfortunately 
analysis of more samples was impossible.   
In paper III, EtG could have been analysed on arrival and on multiple occasions thereafter. 
Unfortunately, EtG was not analysed until day 30, when the case came to our attention. We 
cannot absolutely exclude the possibility that the negative EtG was caused by degradation 
but this appears unlikely, considering the low ethanol value in the first analysis as well as 
the negative result in urine.  
In all papers investigating EtG post mortem (papers I, II and III), simultaneous 
determination of EtS would have been valuable, but unfortunately, no analytical method for 
EtS existed at that time. As a control, some of the cases presented in paper II were analysed 
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for EtS when the analytical method was fully validated, three years after the first study was 
carried out. Nine of these ethanol positive cases were negative for EtG in both blood and 
urine. We cannot totally exclude the possibility that they were false negatives caused by 
degradation in both media, but the analysis of EtS could answer this question, as recent 
research has found superior stability of EtS (119,146-148). The analyses of EtS showed that 
total loss of EtG also in urine probably did not occur, because we found that none of the 
nine urine samples negative for EtG contained EtS. The ethanol detected could therefore 
with great certainty be considered to be formed post mortem, given the negative EtG and 
EtS in both blood and urine. Also, the case described in paper III was reanalysed for EtG 
and EtS, and also in this, there were no traces of EtS in blood or urine. This further 
strengthened the assumption that no alcohol was ingested before death. There were, of 
course, methodological problems in reanalysis several years later and more studies of EtS in 
post mortem material are needed.  
4.3 Blood kinetics of EtG and EtS in living subjects 
We first performed a kinetic study in healthy, male social drinkers, without medical illness 
or use of any drugs (paper IV). A single, low dose of ethanol was administered in a fasted 
state and only water and a simple diet was ingested after this, at controlled intervals. The 
idea of performing this study in such a homogenous group of individuals and under such 
strictly controlled conditions might sound strange as the transferability to forensic material 
is uncertain. However, the aim of this study was to start a systematic investigation of EtG 
kinetics, and this required a good, controlled study as a basis. Where the results are used to 
give recommendations on determining time of alcohol ingestion, these are valid only in 
equally controlled conditions, which are almost never found in forensic toxicology.
A kinetic study of a different population with ingestion of higher doses of ethanol was 
therefore desirable, but it was then difficult to use an experimental design. The study of EtG 
kinetics in heavy drinkers (paper V) therefore had methodological weaknesses, the most 
obvious being the lack of data during ethanol absorption phase and the amount of alcohol 
ingestion based on self report. Regarding the missing data during ethanol absorption phase, 
this was regrettable, but impossible to overcome. On the other hand, 10 out of the 16 
patients were included within 3 h after the end of drinking. Efforts were made to minimize 
bias in the self declarations of consumption. A thorough interview was carried out and all 
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subjects, except one, provided concise information. Misreporting will always be a problem 
but any over or under estimating of alcohol intake would not bias the results of the study 
particularly. The information about other diseases and use of drugs or medicines was also 
based on self report because the approved protocol for the study did not allow us to collect 
information from the patient journals. Twelve of the 16 subjects used different medicinal 
drugs. The interaction with glucuronidation of ethanol for some of these might be 
hypothesised and could explain some of the larger variations in concentration levels 
compared to paper IV. We did not make any analyses to quantify the extent of these 
interactions; as such problems would also be present in forensic material.  
Also, because of limitations from the ethics committee and the clinical condition of the 
patients, only 3-5 samples were collected per patient at varying intervals. On the other hand, 
this design was, in our opinion, the best way to study a situation comparable to for instance 
drunk driving.
4.4 Serum/whole blood ratios for EtG and EtS 
For the reliability of these results, it was important that the serum and whole blood samples 
were collected at exactly the same time. We chose to use the same needle insertion and the 
sample for analysis in blood was then drawn prior to the sample for analysis in serum. As 
there were only a very few seconds between them, we considered this satisfactory.  
We had to exclude the possibility that analytical differences between the two matrices were 
the reason for different results. The whole blood calculations were performed using 
calibrations and controls in whole blood, while calibrations and controls were prepared in 
serum for the determination of concentrations in serum samples. Also, as an extra control, 
we calculated EtG and EtS concentrations in the blood and serum samples from calibrations 
and controls prepared in both types of matrices. The almost identical results in both 
situations strengthened our findings. Also, the use of deuterated internal standards for both 
compounds improved this method.  
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5. General discussion 
This thesis has explored some important, but previously unknown aspects of EtG and EtS; 
presence in post mortem cases and kinetics in blood of living subjects. We studied the 
presence in post mortem cases in order to use EtG and EtS as a marker of ante mortem 
alcohol ingestion. Our main finding was that EtG could serve as a marker of ante mortem 
alcohol ingestion, but false negative results could occur as a result of putrefaction of the 
corpse. We studied the blood kinetics in living subjects in order to find out whether EtG and 
EtS could be used to determine time of alcohol ingestion in, for example, cases of drunk 
driving. Our main finding was that high levels of EtG and EtS attenuate an explanation of 
BAC caused by very recent alcohol ingestion. We also determined the serum/whole blood 
ratios and found that concentrations of EtG and EtS were higher in serum than in whole 
blood.
5.1 Use of EtG and EtS as a marker of ante mortem alcohol 
ingestion in post mortem cases 
We showed that ethanol ingestion ante mortem did lead to the presence of EtG in post 
mortem samples, but that this EtG might be lost during putrefaction of the corpse. We also 
showed that no EtG was present in post mortem samples if alcohol was not ingested ante 
mortem, even if endogenous ethanol was formed.  
To date, no systematic studies of EtG in forensic material have been published by others, 
but stability has been studied quite thoroughly in recent years. Both our study (paper II) and 
others have documented that EtG is unstable in the presence of bacteria, both in post 
mortem material (115,119) and in clinical urine samples (146,147). The largest decrease in 
concentrations was seen in a study by Helander and Dahl, where a nearly complete loss of 
39.3 mg/L EtG occurred during 5 days at room temperature. The smallest decrease was seen 
in the early study of Schloegl et al, with ~30% decrease in EtG concentrations (n=3) during 
30 days at room temperature (115). These samples did not contain any preservatives (W. 
Weinmann, personal information). We found that refrigeration and the presence of 
preservatives made EtG stable (paper II), results that are also supported by other 
publications (146,148). It is also well documented that EtS is stable in the presence of 
bacteria, both in clinical urine samples and post mortem material (119,146,147), although a 
very recent publication showed some instability under extreme conditions, also of EtS 
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(149). According to the available research, the stability of EtS must however be assumed to 
be much superior to that of EtG. The degradation of EtG was probably caused by ß-
glucuronidase, which occurred in 3 of 11 bacteria tested (146), and 5 of 20 bacteria tested 
(119), respectively. In both studies, ß-glucuronidase activity was found in E. coli. Since 
E.coli is such a frequent micro-organism both in urinary tract infections and in post mortem 
material (150), this is likely to constitute a significant problem. Degradation of EtS would 
occur as a result of hydrolysis by sulphatase, but this was not found in any of the bacteria 
tested and also, commercially prepared sulphatases did not hydrolyze EtS (146). We could 
not exclude the possibility that such bacteria exists (151), but the lack of sulphatase in the 
most common micro-organisms makes a practical problem of EtS degradation unlikely.  
Regarding the possibility of formation of EtG, the results are more insecure. Both our work 
(papers II and III) and other studies (115,138) showed that no EtG was formed, while 
another work (147) showed formation of EtG in clinical urine samples containing bacteria. 
No formation of EtS was found (138,147). The only sign of EtS instability was the strange 
phenomenon occurring in the kinetic study of Halter et al, where a compliant subject 
suddenly increased urine EtS, but not EtG, 42 h after ingestion (134). There was no 
explanation for this, but error in the analysis could not be excluded.
If no post mortem formation of ethanol has occurred, one could still expect a very low level 
of ethanol in these cases, since living subjects have endogenous blood ethanol 
physiologically (152-154). Considering that an expected EtG level of about 1/1000 of 
normal endogenous ethanol levels (~0.0015 g/L) would not exceed the analytical lower 
limits of detection for EtG, this would not be expected to cause false positive results. The 
negative EtG in all of the 42 post mortem cases regarding children in our study (paper I), as 
well as measurements in living abstainers (131) support this assumption.  
From the research so far, it therefore looks like EtG and EtS together are reliable markers 
for alcohol ingestion in post mortem cases. They can be determined in problem cases, but 
there are few reports of the practical use of this. A small number of case reports have been 
published in recent years. One publication described a deceased child with BAC 2.0 g/L at 
autopsy. EtG was only analysed in liver, where it was <LOD, and no EtS was analysed. The 
negative EtG could therefore be caused by degradation. On the other hand, the reason for 
the large post mortem formation of ethanol was assumed to be an intra venous infusion of 
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glucose prior to death, and there was no putrefaction of the corpse (118). Another 
publication described accidental alcohol ingestion in a child, resulting in death and post 
mortem ethanol concentrations of 4 and 5 g/L in blood and urine, respectively. In this case, 
the presence of EtG in this child’s hair (46 and 54 pg/mg) indicated chronic exposure to 
large amounts of alcohol (117). Also, in a corpse of an alcoholic exhumed 27 years after 
death, EtG and EtS were analysed. There was no information about ethanol results, but low 
levels of EtG and EtS were found in liver, kidney and blood (116). This was the only report 
of EtS post mortem, and it indicated that total degradation of EtG and EtS did not occur 
during such an extremely long time period. It is difficult to exclude the possibility that the 
presence of EtG was caused by formation after death, but the positive EtS made this less 
probable. On the other hand, studies on the fate of EtS during such extreme conditions have 
never been published before. Interestingly, the EtS/EtG ratio post mortem was much higher 
than in living subjects (61,134,155), maybe because EtS has superior stability compared to 
EtG.
In addition to possible instability, there are some relatively minor problems one must be 
aware of when using EtG and EtS to exclude post mortem alcohol formation. First, the lag 
time of EtG formation compared to alcohol could lead to false negative results. If death 
occurred immediately after alcohol ingestion, it is possible to imagine that BAC would be 
positive, but there has not been enough time to form EtG and EtS. This time gap is, 
however, short, <30 minutes (paper I), and would not normally constitute a big practical 
problem.  
Second, the longer detection time for EtG and EtS compared to ethanol could lead to false 
positive results. For example, if a person died 12 h after alcohol ingestion, alcohol could be 
completely eliminated from the body, but EtG or EtS would still be detectable in blood. If 
ethanol was detected, this might be formed post mortem, but the positive EtG and EtS 
would lead to the opposite conclusion. This difference in detection times for ethanol and 
EtG are however quite short in blood, ~10 h, according to our results (paper I and IV) and 
others (134) and the problem would be more pronounced if EtG and EtS were only analyzed 
in urine, in which this difference might be up to several days (45,61). This shows how the 
analysis in blood and urine complement each other; the risk of false negatives caused by 
instability is highest in blood and the risk of false positives from previous ethanol ingestions 
is highest in urine.
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Third, if EtG and EtS were detected together with alcohol, it is difficult to exclude the 
possibility that some of the ethanol was formed post mortem. The level of EtG and EtS 
compared to ethanol could give an indication, but this would also vary according to where 
in the time course of alcohol metabolism the subject was at time of death. Also, some of the 
ethanol detected might have diffused from the stomach into the blood stream after death 
(156,157), if death occurred too early after ingestion to allow absorption to be completed. 
According to the road traffic legislations in Norway, a measured BAC above 0.2 g/L, or an 
amount consumed that would later lead to such a BAC, defines the limit for drunk driving. 
However, in other cases, this could be a problem.     
The discussion about the sensitivity of EtG alone might sound unnecessary as most 
laboratories perform simultaneous determination of EtS. On the other hand, some 
laboratories have started to use the immunological screening, which only detects EtG 
(41,52,158). I would conclude that negative EtG results in post mortem cases in which 
endogenous formation of ethanol was suspected, obtained for instance by immunological 
screening, should be confirmed by simultaneous EtG and EtS analysis.  
5.2 Implications; Use of EtG and EtS as markers of ante mortem 
alcohol ingestion in post mortem cases 
Because of the research in papers I, II and III, as well as other progress in the field, EtG and 
EtS were routinely analyzed at the Norwegian Institute of Public Health in autopsy cases 
where post mortem formation of ethanol was suspected, according to the traditional criteria. 
From the method for EtS analysis validated in June 2007 until December 2008, 36 such 
cases were identified. In 19 of these, EtG and EtS were positive in the media analyzed 
(blood and/or urine). This strongly suggested that alcohol was ingested before death. In 16 
cases, EtG and EtS were negative in the media analyzed, strongly suggesting that the 


















EtG and EtS 
positive 
(n=19) 
0.15 (0.22) 0.44 (0.58) 2.5 (5.5) 1.3 (1.8) 65.2 (67.0) 17.0 (24.5) 
EtG and EtS 
negative 
(n=16) 
0.32 (0.34) 0.25 (0.24) 0 (0) 0 (0) 0 (0) 0 (0) 
Table 4. Levels of ethanol, EtG and EtS in blood and urine in 19 cases where EtG and EtS were positive as 
well as 16 cases where EtG and EtS were negative. Et=Ethanol. Ethanol in g/L, EtG and EtS in mg/L. 
In the remaining case, there was inconsistency between the results of EtG and EtS (table 5). 
In this case, EtG and EtS were both positive in urine, EtS was also positive in blood, while 
EtG was negative. One possible explanation is degradation of the probably low level of EtG 
that was present in blood. The ethanol detected was, therefore, most likely ingested, and this 
case showed the practical problem of EtG instability. 
Case nr. Ethanol 

















1 0.3 0.4 0 0.1 12.1 3.2 
Table 5. One case in which there were inconsistency between EtG and EtS results. Et=Ethanol. Ethanol in g/L, 
EtG and EtS in mg/L.  
These results show that EtG and EtS together could lead to conclusions on the origin of 
ethanol in post mortem cases. These ethanol metabolites still cannot be used as a gold 
standard, but if combining EtG and EtS, one would assume a very high sensitivity and 
specificity to detect ante mortem alcohol ingestion, according to all available knowledge. It 
is probable that many of the questionable ethanol findings in the literature, for instance from 
aviation accidents and the USS Iowa disaster, could have been answered by post mortem 
analysis of EtG and EtS. 
5.3 Blood kinetics of EtG and EtS in living subjects
To date, two studies of EtG kinetics in serum have been published, in addition to ours. 
These were controlled drinking experiments in healthy volunteers with low to moderate 
doses of ethanol ingested. We showed that in healthy volunteers after ingestion of low doses 
of ethanol, the Cmax varied relatively little between subjects (paper IV). Such relatively 
small inter individual variations were also seen in the second kinetic study (134). In 
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contrast, a much larger inter individual variation was seen in the third publication. This 
could only partly be explained by different doses, and other factors must also have 
contributed, such as age, diseases, ingestion of food and drink and others. The very high 
EtG was reached in the only female participant (131), but there is no evidence of enhanced 
glucuronidation in females compared to males, in fact the opposite is mentioned in the 
literature (159,160). The other kinetic study (134) included both men and women but after 
my own calculations based on the authors’ results (corrected for dose of ethanol), there were 
no statistically significant differences in the AUC for EtG between men and women 
(p=0.069). In our study of heavy drinkers (paper V), the four female subjects did not show 
different EtG/ethanol ratios from the male participants.  
In our kinetic study, EtG peaked median 3 h after ethanol and the level of EtG (mg/L) x 103
was lower than that of ethanol (g/L) for the first 3.5 h after ingestion. This was in 
accordance with both the other kinetic studies (131,134). In our study, EtG was eliminated 
with a terminal half life of 2.2 h. Terminal half life for EtG has only been reported in one 
other study, and the results were in accordance with ours, although they calculated half lives 
based on data from only two subjects (131). In the data from a case report infusing a high 
dose of ethanol, the EtG levels reached a plateau during the continuous supply of ethanol, 
started to decrease some hours after end of infusion and was eliminated with a somewhat 
longer half life than in to our data (133).
An interesting issue is the ratio between EtG and EtS. We studied levels of EtS in urine (not 
included in this thesis) (61). Levels of EtS in blood have been reported in one other low 
dose experiment (134) as well as in our study of heavy drinkers (paper V). Both our studies 
and other studies of EtG and EtS in blood and urine indicated that levels of EtG were higher 
than the corresponding levels of EtS (61,155), also when corrected for different molecular 
weight, with molar EtG/EtS ratios reported as 1.7. Only one study in urine showed higher 
concentrations of EtS than EtG (161), and similar molar concentrations of EtG and EtS were 
seen in serum in the kinetic study by the same group (134), although the AUC was higher 
for EtG. The reason for the higher EtS concentrations is unknown, but direct ingestion of 
EtS could be hypothesised. Also, the measurement in serum would be expected to cause 
even lower concentrations for EtS compared to EtG, according to our results in paper VI. It 
is documented that certain alcoholic wines contain EtS (up to 40 mg/L) and to a much 
smaller extent EtG (up to 4 mg/L) (162), as fungi and yeasts can carry out phase two 
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reactions (163) during the production process. If such beverages were ingested in the 
experiment, this could lead to higher concentrations of EtS. On the other hand, there is no 
knowledge about the bioavailability of EtG and EtS. The fact that EtG and especially EtS 
could be formed from ethanol in alcoholic beverages could theoretically strengthen the idea 
that EtG and EtS could form in biological matrices. On the other hand, there is quite good 
evidence suggesting that no formation of EtS occurs. The amount of micro bacteria present 
during the production of alcoholic beverages is probably much higher, and the species could 
be different from that present in biological matrices.  
We calculated that 0.013-0.022% (n=10) of the ingested dose of ethanol was excreted in 
urine as EtG (paper IV). This was in accordance with an earlier study after the same dose of 
ethanol (n=6) (49), but lower than another study at a lower dose (n=7) (55). We further 
showed that somewhat less of the ingested ethanol was excreted as EtS (61) (not included in 
this thesis). The amount excreted as EtG was significantly higher than EtS (p<0.001). This 
was lower than in an earlier single case which reported results for EtS (161). However, this 
was the only study to show higher values of EtS than EtG in urine.
Another interesting question is whether a different proportion of the ingested ethanol is 
converted to EtG at higher doses. An early, preclinical study indicated that more ethanol 
was converted to EtG at higher doses in rabbits (28). The method of administration was not 
reported. In humans, this should be studied by administering different doses and collecting 
all urine voided until the end of EtG elimination. One study administered 3-25 g of ethanol 
to 4 subjects, and showed a dose-response relationship, with a larger % of the ethanol 
excreted as EtG at higher doses (56). When comparing this to our results (paper IV) and 
those by Dahl et al (49), where larger doses were ingested, this further strengthens the 
picture of a dose-response curve. In our study of heavy drinkers (paper V), where very large 
doses were ingested, the EtG/ethanol ratios were higher, but this could also be caused by 
accumulation of conjugated metabolites over a longer time period. Although the terminal 
half life for EtG and EtS is only ~3 hours, accumulation could still occur, as some subjects 
ingest alcohol in frequent doses (paper V). All these results could be explained by saturation 
of the oxidative ethanol metabolism, driving more ethanol in the non-oxidative direction. 
ADH is saturated at approximately 0.2 g/L ethanol, and this is in accordance with the 
findings of glucuronidation, which showed increasing activity after ingestion of doses 
higher than 0.15 g/kg, resulting in blood alcohol concentrations around 0.2 g/L (56). An 
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alternative explanation is the lower bioavailability of ethanol when ingested in low doses. 
The pre-systemic gastric metabolism of ethanol is more pronounced after ingestion of low 
doses, and a smaller percentage of the ingested ethanol would be available for 
glucuronidation. The possibility can, therefore, not be excluded that the same amount of 
available ethanol is metabolised to EtG and EtS at different doses, even if concentrations of 
these metabolites were higher after higher doses ingested orally. To answer this question, 
intra venous ethanol must be administered. Also, our post mortem material (paper I) and 
results from urines collected from drunk drivers (48) showed the opposite results with a 
lower ratio between EtG and ethanol at higher BACs. These results were less reliable as 
they were not controlled experiments, but only randomly collected single samples from each 
subject. I suggest that these results were caused by the fact that lower BACs occur mainly in 
the later phase of ethanol metabolism, where the levels of EtG have reached higher 
concentrations. The explanation was, therefore, not necessarily a limited capacity of the 
glucuronidation process, as we originally suggested in paper I. Also, all kinetic studies 
showed a tendency towards higher levels of EtG in blood or urine at higher BAC. The 
research so far could therefore suggest that there is no saturation of the enzymes responsible 
for EtG formation, at least in the ethanol doses tested, and that the non oxidative metabolism 
possibly increases as the oxidative pathways are saturated.
There are no reports in the literature of extra renal excretion of EtG or EtS, but this cannot 
be excluded theoretically, considering that the glucuronides of morphine, for example, are 
partly excreted in bile and eventually in faeces (164,165). In paper IV, we calculated a renal 
clearance for EtG, based on the AUC in blood and the urinary excretion during the same 
time interval. We then calculated a total clearance, by using a calculated Vd for EtG. That 
calculation was inaccurate and only gave an indication, as it was based on a theoretically 
calculated C0, representing the ingested “dose” of EtG. However, a much higher value for 
total clearance compared to renal clearance would indicate extra renal excretion. Our values 
for total clearance were in the same order of magnitude as the renal clearance, actually 
slightly higher, indicating inaccurate calculations, but probably no significant extra renal 
excretion. As these aspects were not studied by others, we can not relate our results to other 
research.
The up or down regulation of UGT and SULT during chronic heavy alcohol use is another 
interesting question. Preclinical studies have indicated both increased (166-168) and 
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unchanged (168,169) glucuronidation and sulphatation after chronic ethanol feeding. Also, 
decreased activity was shown (170), but this was due to reduced availability of required co-
factors, not lower enzyme activity. The results are therefore quite confusing, and clinical 
evidence is missing. Our kinetic study of heavy drinkers (paper V), which is the only 
publication on a sample from this population, gave a picture of the difference in kinetics 
between social and heavy drinkers. Our interesting finding was that the terminal half lives, 
with the exception of one subject, were comparable in the two populations, at 2-3 hours. 
This may indicate that there is no up-regulation of enzyme activity, but it also described the 
excretion of EtG and EtS. The concentrations of EtG and EtS returned to a low level around 
24 h after end of dinking. This was in accordance with studies of EtG in plasma in patients 
with alcohol use disorders, where EtG was not detected median 20 h after end of drinking 
(136). One single subject in our study of heavy drinkers had kinetics of EtG and EtS which 
differed completely from the rest of the material with four times longer half lives. He 
suffered from kidney disease, which could cause delayed excretion and therefore 
considerably lengthen the half lives of the conjugated ethanol metabolites. This effect of 
kidney disease is described for excretion of other glucuronides, for example, those of 
morphine (171-173). This individual also suffered from hepatic disease (hepatitis B and C), 
but this should not, in theory, cause prolonged half lives. Also, his ethanol metabolism was 
normal, and the two other patients suffering from hepatitis had normal kinetics of EtG and 
EtS. He still showed a high level of EtG and EtS 31 h after end of drinking and if using his 
half life of 12 h, the calculated detection times for EtG and EtS in blood would be about 100 
h after end of drinking. One previous study found EtG in plasma in 4 of 81 patients >48 h 
after self reported end of drinking. This was interpreted as misreporting, but could also 
represent subjects with delayed excretion caused by renal failure or other factors (135). 
Also, in an abstract from 1995, it was reported that half lives for EtG in heavy drinkers 
ranged between 2 and 12 h and that “some subjects showed longer half lives than social 
drinkers” (174). No further information about the study was available. 
The maximum levels of EtG and EtS in heavy drinkers were higher than in social drinkers, 
but this was caused by higher doses ingested and accumulation of EtG and EtS, not 
necessarily by up regulation of the enzymes. To answer the question of effect of chronic 
heavy alcohol use on UGT and SULT satisfactorily would therefore require different study 
designs from ours, with measurements of total amount excreted both in social and heavy 
drinkers in controlled experiments.       
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I conclude that the kinetics of EtG and EtS are comparable in social and heavy drinkers. We 
found no evidence that the effect on the liver frequently seen after heavy alcohol use would 
affect the kinetics of EtG and EtS. We showed that the presence of renal disease probably 
causes substantially prolonged half lives. This clinical status is not necessarily related to 
heavy alcohol use. We can not exclude other factors that may also result in delayed renal 
excretion, for example, interactions with drugs like probenecid. This drug inhibits the 
excretion of substances which are secreted in the kidney by tubular secretion (175), which is 
the well known excretion route for both glucuronic acid and sulphate conjugates (176). 
Diseases affecting other organs would be less likely to affect the half lives of EtG and EtS 
given that these conjugated ethanol metabolites are almost solely excreted renally.  
5.4 Use of EtG and EtS to determine time of alcohol ingestion 
As described in the introduction (section 1.5), there were only limited methods to determine 
time of alcohol ingestion in a living subject and one aim of this thesis was to use 
measurements of EtG and EtS in blood samples for this purpose. 
Our controlled low dose kinetic study (paper IV) as well as two other kinetic EtG studies 
(131,134), indicated that concentrations of EtG could provide information about time of 
alcohol ingestion. According to all three studies, EtG was formed with a delay compared to 
ethanol and EtG levels should be increasing in two subsequent samples if alcohol was 
ingested in the 2-4 hours before sample collection. Also, if ingestion was within the 2-3 h 
before sampling, the levels of EtG x 103 should be below that of ethanol (mg/L and g/L, 
respectively). 
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Figure 1. The time after ingestion of ethanol determines the level of EtG (brown line) compared to ethanol 
(green line). 
This would only be valid if ethanol was ingested in the same pattern as in the experiments; 
one single, low to moderate dose ingested by a social drinker, otherwise healthy. This 
scenario is hardly ever the case in drunk driving. If high or decreasing levels of EtG are 
found, it could then be concluded that those levels did not originate from a single, recent 
ingestion, and alcohol was also drunk before driving. The question is how much earlier 
could drinking occur that would lead to such high levels of EtG? Could an individual drink 
the night before and still have high EtG concentrations even if the alcohol was eliminated a 
long time ago? The explanation of drinking after driving as the only source of impairment 
could therefore be correct, but the EtG levels had no connection with that ingestion. 
That was what we showed in our study of heavy drinkers (paper V). The results indicated 
that after a period of very heavy drinking, the terminal half lives for EtG and EtS were ~3 h 
and the levels of EtG and EtS in blood would return to below LOQ after approximately 24 
h, ~10 h after ethanol. High levels of EtG and EtS could therefore not be explained by 
drinking the day before blood sampling.  
If a suspect claims to have drunk alcohol after an incident, it would be a relatively quick 
ingestion of a single dose of alcohol. This situation resembles that of the controlled, kinetic 
studies of social drinkers. As we also showed that kinetics in heavy drinkers did not 
significantly differ from the social drinkers, the data between the populations could be 
transferrable.
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We could therefore suggest that high and/or decreasing EtG and EtS levels weakens an 
explanation of recent drinking, while low and/or increasing levels of EtG and EtS 
strengthens such an explanation.
We must not forget that there was one important exception in our study of heavy drinkers. 
The patient suffering from kidney disease had considerably prolonged half lives for these 
ethanol metabolites. Such a condition must therefore be excluded before using 
measurements of EtG and EtS in the way described above. An indication of the subject’s 
individual half life for EtG and EtS might be obtained from calculations if two subsequent 
blood samples show decreasing values.  
It must also be noted that low levels of EtG would not be a definite proof of recent drinking, 
as some subjects show very minor glucuronidation of ethanol. This was the case for one of 
the 51 subjects studied in kinetic experiments (131). This was not surprising, considering 
the high prevalence of Gilbert’s disease. This condition is a hereditary defect in the 
isoenzyme 1A1 of the UGT family, the enzyme predominantly responsible for ethanol 
glucuronidation (32). The disease is present in 5-10% of the population and glucuronidation 
in these subjects is approximately 30% of normal (177-179). The levels of EtG could 
therefore be low, but not necessarily absent. There are also more seldom and severe 
conditions affecting glucuronidation, such as the very rare Crigler-Najjar syndrome type 1, 
which shows no UGT1A1 expression at all (180).
There are no well known conditions affecting the sulphatation of substances in an equivalent 
way, but one of the subjects in our kinetic studies showed no EtS in serum, although he had 
EtS in urine (134). The reason for this was unknown. However, conditions affecting both 
systems are less likely, and this shows the advantage of testing for both these ethanol 
metabolites. If a suspect has a high BAC e.g. 2 h after the incidence and 1 h after alleged 
time of drinking, low or increasing levels of both EtG and EtS very much support this 
explanation.
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5.5 Implications; use of EtG and EtS to determine time of alcohol 
ingestion
As described above, measurements of EtG and EtS could be very helpful in determining the 
time of ethanol ingestion, although they give no definite proof. As a result of the research in 
papers IV and V, EtG was analysed in selected routine cases of drunk driving at the 
Norwegian Institute of Public Health. One such case is described below and shown in figure 
2 as an example:
A 50 year old male was involved in a car accident at 2.30 p.m. Blood samples collected at 
5.15 p.m. and 5.45 p.m showed ethanol concentrations of 2.3 and 2.2 g/L, respectively. The 
suspect explained that he had consumed 150 g alcohol after the incident, at 3.00 p.m. Before 
this he had been abstinent for about 20 h. The level of EtG would therefore be expected to 
be very low. In fact, very high levels of EtG were found. According to the results from 
papers IV and V, this could not be explained by a single ingestion 2.5 h earlier at 3pm or by 
consumption more than 20 hours earlier. High doses of alcohol must therefore have been 
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Concentrations of ethanol and EtG according to measured values (largest points, unfilled), otherwise 
simulated. From information about a single ingestion of 150 of ethanol 2.25 and 2.75 h before sample 
collection, values in the area of the “EtG expected” should be seen. The measured values of EtG were much 
higher than expected and therefore weaken the explanation given. Ethanol in g/L, EtG in mg/L.        
5.6 Serum/whole blood ratios 
Concentrations of both EtG and EtS were higher when measured in serum than in whole 
blood, according to our results in paper VI. This difference was more pronounced for EtG 
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than for EtS. There were and still are no other publications addressing this question. The 
chemical properties of these molecules were not investigated, but from the structural 
formula, there are some qualities that could explain our findings. First, they are much larger 
than their parent molecule ethanol and would be expected to have problems penetrating the 
cell membrane to enter the red blood cells. The smaller size of EtS compared to EtG could 
possibly explain the lower serum/whole blood ratio for EtS. Second, their water solubility 
and corresponding lack of lipofilicity makes penetration into red blood cells difficult.
Bindings to serum proteins for EtG and EtS are not reported in the literature. We cannot, 
therefore, exclude this as a possibility, and it could explain some of the higher values in 
serum than in whole blood.   
The difference between serum and whole blood concentrations of EtG and EtS could be of 
practical importance. Although there are both inter and intra individual variations in EtG 
and EtS levels obtained from ingestion of a certain ethanol dose, a 70% higher result when 
measuring EtG in serum than in whole blood is important. One could imagine a couple of 
examples. First, when comparing publications where similar ethanol levels lead to different 
EtG and EtS results, the serum/whole blood ratio should be considered as one possible 
explanation. Second, if wider use of EtG and EtS is evolved, a serum sample for clinical 
analysis and a whole blood sample for forensic analysis could be obtained from the same 
patient within the same period and analysed for EtG and EtS. This currently happens for 
ethanol. It would then be relevant to have a simple explanation for different results.
In conclusion, the comparison between serum and whole blood concentrations could be 
necessary in different situations, and this thesis revealed the expected difference in results 
between these two media.  
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6. Conclusions
1. EtG can be used as a marker of ante mortem alcohol ingestion in post mortem cases.  
2. Due to stability problems, false negative results could occur and a negative blood 
EtG result in heavily putrefied cases should be interpreted with caution. Analysis of 
another medium might raise the sensitivity. We found no formation of EtG during 
putrefaction. There appears, therefore, to be a low chance of false positive results. 
3. In social drinkers after a low dose of ethanol, EtG reaches its Cmax 2-3 h after Cmax
for ethanol and is eliminated with a terminal half life of 2-3 h. The total amount of 
EtG excreted in the urine was median 0.017% of the ingested ethanol.
4. The elimination of EtG and EtS occurs at the same rate in heavy drinkers after 
ingestion of high and repeated doses of ethanol with a terminal half life in blood of 
~3 h for EtG and ~3.5 h for EtS. One important exception is the presence of kidney 
disease.
5. If ingestion of alcohol took place ~3 h or less before blood sampling, levels of EtG 
should be below that of ethanol (ethanol in g/L, EtG in mg/L). If two subsequent 
blood samples are drawn, increasing values of EtG should be seen up to ~3 h after 
intake. If high and/or decreasing levels of EtG are seen, this supports an explanation 
of recent drinking. Drinking much earlier, eg, the night before is less likely to 
explain high levels of EtG.
a. The concentrations of EtG and EtS are higher in serum than in blood with 
serum/whole blood ratios of ~1.7 for EtG and 1.3 for EtS. 
41
7. References
 1. Widmark E. Verteilung und unwandltung des 
ethyl alkohols in organimus des hundes. Biochem Z 1933; 267: 128-34. 
 2. Andreasson R, Jones AW. Erik M.P. Widmark (1889-1945): Swedish pioneer in 
forensic alcohol toxicology. Forensic Sci Int 1995; 72: 1-14. 
 3. Mellanby E. Medical Research Council Special Report Service No. 31, London,
HMSO. 1919. 
 4. Haggard H, Greenberg L. Studies in absorption, distribution, and elimination of ethyl 
alcohol. 111. Rate of oxidation in the body. J Pharmacol Exp Ther 1934; 52: 167-78. 
 5. Newman H, Lehman A, Cutting W. Effect of dosage on rate of disappearance of 
alcohol from the blood stream. J Pharrnacol 1937; 61: 58-61. 
 6. Eggleton M. Some factors affecting the metabolic rate of alcohol. J Physiol 1940; 98: 
239-54.
 7. Lunquist F, Wolthers H. The kinetics of alcohol elimination in man. Acta Pharmacol 
Toxicol 1958; 14: 265-89. 
 8. Marshall EJ, Fritz W. The metabolism of ethyl alcohol. J Pharmacol Exp Ther 1953; 
109: 431-43. 
 9. McFarlane A, Pooley L, Welch IM et al. How does dietary lipid lower blood alcohol 
concentrations? Gut 1986; 27: 15-8. 
 10. al-Lanqawi Y, Moreland TA, McEwen J et al. Ethanol kinetics: extent of error in back 
extrapolation procedures. Br J Clin Pharmacol 1992; 34: 316-21. 
 11. Mellanby E. Alcohol and alcoholic intoxication. Br J Inebriety 1920; 17: 157-78. 
 12. Jones AW, Jonsson KA. Food-induced lowering of blood-ethanol profiles and 
increased rate of elimination immediately after a meal. J Forensic Sci 1994; 39: 1084-
93.
 13. Winstanley PA, Orme ML. The effects of food on drug bioavailability. Br J Clin 
Pharmacol 1989; 28: 621-8. 
 14. Welling PG, Lyons LL, Elliott R et al. Pharmacokinetics of alcohol following single 
low doses to fasted and nonfasted subjects. J Clin Pharmacol 1977; 17: 199-206. 
 15. Jones AW, Jonsson KA, Kechagias S. Effect of high-fat, high-protein, and high-
carbohydrate meals on the pharmacokinetics of a small dose of ethanol. Br J Clin 
Pharmacol 1997; 44: 521-6. 
42
 16. Jones AW. Concentration-time profiles of ethanol in capillary blood after ingestion of 
beer. J Forensic Sci Soc 1991; 31: 429-39. 
 17. Jones AW. Ethanol distribution ratios between urine and capillary blood in controlled 
experiments and in apprehended drinking drivers. J Forensic Sci 1992; 37: 21-34. 
 18. Dubowski KM. Absorption, distribution and elimination of alcohol: highway safety 
aspects. J Stud Alcohol Suppl 1985; 10: 98-108. 
 19. Jones AW. Interindividual variations in the disposition and metabolism of ethanol in 
healthy men. Alcohol 1984; 1: 385-91. 
 20. Niermayer H, Teige K. Ethanoldiffusionsrate and their application to cases of drinking 
after the offence. Blutalkohol 1980; 171: 124-32. 
 21. Wilkinson PK. Pharmacokinetics of ethanol: a review. Alcohol Clin Exp Res 1980; 4: 
6-21.
 22. Sato N, Kitamura T. First-pass metabolism of ethanol: an overview. Gastroenterology 
1996; 111: 1143-4. 
 23. Lieber CS, Gentry RT, Baraona E. First pass metabolism of ethanol. Alcohol Alcohol 
Suppl 1994; 2: 163-9. 
 24. Frezza M, di PC, Pozzato G et al. High blood alcohol levels in women. The role of 
decreased gastric alcohol dehydrogenase activity and first-pass metabolism. N Engl J 
Med 1990; 322: 95-9. 
 25. Lieber CS, DeCarli LM. The role of the hepatic microsomal ethanol oxidizing system 
(MEOS) for ethanol metabolism in vivo. J Pharmacol Exp Ther 1972; 181: 279-87. 
 26. Hu Y, Ingelman-Sundberg M, Lindros KO. Induction mechanisms of cytochrome 
P450 2E1 in liver: interplay between ethanol treatment and starvation. Biochem 
Pharmacol 1995; 50: 155-61. 
 27. Jaakonmaki PI, Knox KL, Horning EC et al. The characterization by gas-liquid 
chromatography of ethyll beta-D-glucosiduronic acid as a metabolite of ethanol in rat 
and man. Eur J Pharmacol 1967; 1: 63-70. 
 28. Kamil I, Smith N, Williams RT. A new aspect of ethanol metabolism: isolation of 
ethyl glucuronide. Biochem J 1952; 51: 32-3. 
 29. Manautou JE, Carlson GP. Comparison of pulmonary and hepatic glucuronidation and 
sulphation of ethanol in rat and rabbit in vitro. Xenobiotica 1992; 22: 1309-19. 
 30. Vestermark A, Bostrom H. Studies on ester sulfates. V. On the enzymatic formation of 
ester sulfates of primary aliphatic alcohols. Exp Cell Res 1959; 18: 174-7. 
 31. Bostrom H, Vestermark A. Studies on ester sulphates. 7. On the excretion of sulphate 
conjugates of primary aliphatic alcohols in the urine of rats. Acta Physiol Scand 1960; 
48: 88-94. 
43
 32. Foti RS, Fisher MB. Assessment of UDP-glucuronosyltransferase catalyzed formation 
of ethyl glucuronide in human liver microsomes and recombinant UGTs. Forensic Sci 
Int 2005; 153: 109-16. 
 33. Bernstein J, Martinez B, Escobales N et al. The pulmonary ethanol metabolizing 
system (PET). Res Commun Chem Pathol Pharmacol 1983; 39: 49-67. 
 34. Helander A. Biological markers in alcoholism. J Neural Transm Suppl 2003; 15-32. 
 35. Hannuksela ML, Liisanantti MK, Nissinen AE et al. Biochemical markers of 
alcoholism. Clin Chem Lab Med 2007; 45: 953-61. 
 36. Seidl S, Wurst FM, Alt A. Ethyl glucuronide-a biological marker for recent alcohol 
consumption. Addict Biol 2001; 6: 205-12. 
 37. Wurst FM, Metzger J. The ethanol conjugate ethyl glucuronide is a useful marker of 
recent alcohol consumption. Alcohol Clin Exp Res 2002; 26: 1114-9. 
 38. Kissack JC, Bishop J, Roper AL. Ethylglucuronide as a biomarker for ethanol 
detection. Pharmacotherapy 2008; 28: 769-81. 
 39. Niemela O. Biomarkers in alcoholism. Clin Chim Acta 2007; 377: 39-49. 
 40. Schmitt G, Droenner P, Aderjan R et al. Blood sample containing 1.44 permille 
ethanol doesn´t contain ethyl glucuronide: Case report. Blutalkohol 1997; 34: 371-8. 
 41. Zimmer H, Schmitt G, Aderjan R. Preliminary immunochemical test for the 
determination of ethyl glucuronide in serum and urine: comparison of screening 
method results with gas chromatography-mass spectrometry. J Anal Toxicol 2002; 26: 
11-6.
 42. Dresen S, Weinmann W, Wurst FM. Forensic confirmatory analysis of ethyl sulfate--a 
new marker for alcohol consumption--by liquid-chromatography/electrospray 
ionization/tandem mass spectrometry. J Am Soc Mass Spectrom 2004; 15: 1644-8. 
 43. Bicker W, Lammerhofer M, Keller T et al. Validated method for the determination of 
the ethanol consumption markers ethyl glucuronide, ethyl phosphate, and ethyl sulfate 
in human urine by reversed-phase/weak anion exchange liquid chromatography-
tandem mass spectrometry. Anal Chem 2006; 78: 5884-92. 
 44. Stephanson N, Dahl H, Helander A et al. Direct quantification of ethyl glucuronide in 
clinical urine samples by liquid chromatography-mass spectrometry. Ther Drug Monit 
2002; 24: 645-51. 
 45. Wurst FM, Seidl S, Ladewig D et al. Ethyl glucuronide: on the time course of 
excretion in urine during detoxification. Addict Biol 2002; 7: 427-34. 
 46. Wurst FM, Vogel R, Jachau K et al. Ethyl glucuronide discloses recent covert alcohol 
use not detected by standard testing in forensic psychiatric inpatients. Alcohol Clin 
Exp Res 2003; 27: 471-6. 
44
 47. Alt A, Wurst FM, Seidl S. Evaluation of the ethylglucuronide in urine samples with 
the internal standard d5-ethylglucuronide. Blutalkohol 1997; 34: 360-5. 
 48. Bergstrom J, Helander A, Jones AW. Ethyl glucuronide concentrations in two 
successive urinary voids from drinking drivers: relationship to creatinine content and 
blood and urine ethanol concentrations. Forensic Sci Int 2003; 133: 86-94. 
 49. Dahl H, Stephanson N, Beck O et al. Comparison of urinary excretion characteristics 
of ethanol and ethyl glucuronide. J Anal Toxicol 2002; 26: 201-4. 
 50. Janda I, Alt A. Improvement of ethyl glucuronide determination in human urine and 
serum samples by solid-phase extraction. J Chromatogr B Biomed Sci Appl 2001; 
758: 229-34. 
 51. Weinmann W, Schaefer P, Thierauf A et al. Confirmatory analysis of ethylglucuronide 
in urine by liquid-chromatography/electrospray ionization/tandem mass spectrometry 
according to forensic guidelines. J Am Soc Mass Spectrom 2004; 15: 188-93. 
 52. Bottcher M, Beck O, Helander A. Evaluation of a new immunoassay for urinary ethyl 
glucuronide testing. Alcohol Alcohol 2008; 43: 46-8. 
 53. Schmitt G, Aderjan R, Keller T et al. Ethyl glucuronide: an unusual ethanol metabolite 
in humans. Synthesis, analytical data, and determination in serum and urine. J Anal 
Toxicol 1995; 19: 91-4. 
 54. Schaefer P, Thierauf A, Stumptner D, Maralikova B, Wurst FM, Weinmann W. For 
how long can ethyl glucuronide be determined in urine after intake of small amounts 
(9 grams) of ethanol?  516. 1-1-2003.  
 55. Goll M, Schmitt G, Ganssmann B et al. Excretion profiles of ethyl glucuronide in 
human urine after internal dilution. J Anal Toxicol 2002; 26: 262-6. 
 56. Rosano TG, Lin J. Ethyl glucuronide excretion in humans following oral 
administration of and dermal exposure to ethanol. J Anal Toxicol 2008; 32: 594-600. 
 57. Costantino A, Digregorio EJ, Korn W et al. The effect of the use of mouthwash on 
ethylglucuronide concentrations in urine. J Anal Toxicol 2006; 30: 659-62. 
 58. Halter CC, Thierauf A, Bunz S.C, Wurst FM, Weinmann W. Suggesting a cut-off for 
ethyl glucuronide in urine for forensic proof of ethanol consumption.  1-6-2008.
 59. Helander A, Beck O. Mass spectrometric identification of ethyl sulfate as an ethanol 
metabolite in humans. Clin Chem 2004; 50: 936-7. 
 60. Helander A, Bottcher M, Fehr C et al. Detection times for urinary ethyl glucuronide 
and ethyl sulfate in heavy drinkers during alcohol detoxification. Alcohol Alcohol 
2009; 44: 55-61. 
 61. Hoiseth G, Bernard JP, Stephanson N et al. Comparison between the urinary alcohol 
markers EtG, EtS, and GTOL/5-HIAA in a controlled drinking experiment. Alcohol 
Alcohol 2008; 43: 187-91. 
45
 62. Schummer C, Appenzeller BM, Wennig R. Quantitative determination of ethyl 
glucuronide in sweat. Ther Drug Monit 2008; 30: 536-9. 
 63. Morini L, Marchei E, Pellegrini M et al. Liquid chromatography with tandem mass 
spectrometric detection for the measurement of ethyl glucuronide and ethyl sulfate in 
meconium: new biomarkers of gestational ethanol exposure? Ther Drug Monit 2008; 
30: 725-32. 
 64. Alt A, Janda I, Seidl S et al. Determination of ethyl glucuronide in hair samples. 
Alcohol Alcohol 2000; 35: 313-4. 
 65. Appenzeller BM, Schuman M, Yegles M et al. Ethyl glucuronide concentration in hair 
is not influenced by pigmentation. Alcohol Alcohol 2007; 42: 326-7. 
 66. Appenzeller BM, Agirman R, Neuberg P et al. Segmental determination of ethyl 
glucuronide in hair: a pilot study. Forensic Sci Int 2007; 173: 87-92. 
 67. Janda I, Weinmann W, Kuehnle T et al. Determination of ethyl glucuronide in human 
hair by SPE and LC-MS/MS. Forensic Sci Int 2002; 128: 59-65. 
 68. Jurado C, Soriano T, Gimenez MP et al. Diagnosis of chronic alcohol consumption. 
Hair analysis for ethyl-glucuronide. Forensic Sci Int 2004; 145: 161-6. 
 69. Morini L, Politi L, Groppi A et al. Determination of ethyl glucuronide in hair samples 
by liquid chromatography/electrospray tandem mass spectrometry. J Mass Spectrom 
2006; 41: 34-42. 
 70. Paul R, Kingston R, Tsanaclis L et al. Do drug users use less alcohol than non-drug 
users? A comparison of ethyl glucuronide concentrations in hair between the two 
groups in medico-legal cases. Forensic Sci Int 2008; 176: 82-6. 
 71. Polettini A, Morini L, Stramesi C et al. Sensitivity and specificity of ethyl glucuronide 
in hair as a marker of chronic heavy alcohol use- preliminary results. 44th TIAFT 
Meeting, Ljubljana, August 26th September, 1st, http://www tiaft2006 
org/proceedings/pdf/CT-o-11 pdf 2006.
 72. Politi L, Morini L, Leone F et al. Ethyl glucuronide in hair: Is it a reliable marker of 
chronic high levels of alcohol consumption? Addiction 2006; 101: 1408-12. 
 73. Politi L, Zucchella A, Morini L et al. Markers of chronic alcohol use in hair: 
comparison of ethyl glucuronide and cocaethylene in cocaine users. Forensic Sci Int 
2007; 172: 23-7. 
 74. Yegles M, Labarthe A, Auwarter V et al. Comparison of ethyl glucuronide and fatty 
acid ethyl ester concentrations in hair of alcoholics, social drinkers and teetotallers. 
Forensic Sci Int 2004; 145: 167-73. 
 75. Kerekes I, Yegles M, Grimm U et al. Ethyl glucuronide determination: head hair 
versus non-head hair. Alcohol Alcohol 2009; 44: 62-6. 
46
 76. Hoiseth G, Morini L, Polettini A et al. Ethyl Glucuronide in Hair Compared With 
Traditional Alcohol Biomarkers-A Pilot Study of Heavy Drinkers Referred to an 
Alcohol Detoxification Unit. Alcohol Clin Exp Res 2009. 
 77. Gjerde H, Johnsen J, Bjorneboe A et al. A comparison of serum carbohydrate-
deficient transferrin with other biological markers of excessive drinking. Scand J Clin 
Lab Invest 1988; 48: 1-6. 
 78. Anton RF, Dominick C, Bigelow M et al. Comparison of Bio-Rad %CDT TIA and 
CDTect as laboratory markers of heavy alcohol use and their relationships with 
gamma-glutamyltransferase. Clin Chem 2001; 47: 1769-75. 
 79. Hietala J, Koivisto H, Anttila P et al. Comparison of the combined marker GGT-CDT 
and the conventional laboratory markers of alcohol abuse in heavy drinkers, moderate 
drinkers and abstainers. Alcohol Alcohol 2006; 41: 528-33. 
 80. Yue M, Ni Q, Yu CH et al. Transient elevation of hepatic enzymes in volunteers after 
intake of alcohol. Hepatobiliary Pancreat Dis Int 2006; 5: 52-5. 
 81. Seidl S, Wurst FM, Alt A. Proof of abstinence by means of the ethanol metabolite 
ethyl glucuronide (EtG) in the expert assessment for judging driver ability. 
Blutalkohol 1998; 35: 174-82. 
 82. Kugelberg FC, Jones AW. Interpreting results of ethanol analysis in postmortem 
specimens: a review of the literature. Forensic Sci Int 2007; 165: 10-29. 
 83. O'Neal CL, Poklis A. Postmortem production of ethanol and factors that influence 
interpretation: a critical review. Am J Forensic Med Pathol 1996; 17: 8-20. 
 84. Blackmore DJ. The bacterial production of ethyl alcohol. J Forensic Sci Soc 1968; 8: 
73-8.
 85. Gilliland MG, Bost RO. Alcohol in decomposed bodies: postmortem synthesis and 
distribution. J Forensic Sci 1993; 38: 1266-74. 
 86. Lewis RJ, Johnson RD, Angier MK et al. Ethanol formation in unadulterated 
postmortem tissues. Forensic Sci Int 2004; 146: 17-24. 
 87. Zumwalt RE, Bost RO, Sunshine I. Evaluation of ethanol concentrations in 
decomposed bodies. J Forensic Sci 1982; 27: 549-54. 
 88. Pounder D. Dead sober or dead drunk? BMJ 1998; 316: 87. 
 89. Canfield DV, Kupiec T, Huffine E. Postmortem alcohol production in fatal aircraft 
accidents. J Forensic Sci 1993; 38: 914-7. 
 90. Kuhlman JJ, Jr., Levine B, Smith ML et al. Toxicological findings in Federal Aviation 
Administration general aviation accidents. J Forensic Sci 1991; 36: 1121-8. 
 91. Mayes R, Levine B, Smith ML et al. Toxicologic findings in the USS Iowa disaster. J 
Forensic Sci 1992; 37: 1352-7. 
47
 92. Jones AW, Andersson R, Sakshaug J et al. Possible formation of ethanol in 
postmortem blood specimens after antemortem treatment with mannitol. J Anal 
Toxicol 1991; 15: 157-8. 
 93. Viidik A. ["Drunk" after death?]. Lakartidningen 2008; 105: 3215. 
 94. Sulkowski HA, Wu AH, McCarter YS. In-vitro production of ethanol in urine by 
fermentation. J Forensic Sci 1995; 40: 990-3. 
 95. Lough PS, Fehn R. Efficacy of 1% sodium fluoride as a preservative in urine samples 
containing glucose and Candida albicans. J Forensic Sci 1993; 38: 266-71. 
 96. Jones AW, Hylen L, Svensson E et al. Storage of specimens at 4 degrees C or addition 
of sodium fluoride (1%) prevents formation of ethanol in urine inoculated with 
Candida albicans. J Anal Toxicol 1999; 23: 333-6. 
 97. Blume P, Lakatua DJ. The effect of microbial contamination of the blood sample on 
the determination of ethanol levels in serum. Am J Clin Pathol 1973; 60: 700-2. 
 98. Levine B, Smith ML, Smialek JE et al. Interpretation of low postmortem 
concentrations of ethanol. J Forensic Sci 1993; 38: 663-7. 
 99. Yajima D, Motani H, Kamei K et al. Ethanol production by Candida albicans in 
postmortem human blood samples: Effects of blood glucose level and dilution. 
Forensic Sci Int 2006. 
100. Nanikawa R, Moriya F, Hashimoto Y. Experimental studies on the mechanism of 
ethanol formation in corpses. Z Rechtsmed 1988; 101: 21-6. 
101. Corry JE. A review. Possible sources of ethanol ante- and post-mortem: its 
relationship to the biochemistry and microbiology of decomposition. J Appl Bacteriol 
1978; 44: 1-56. 
102. Hadley JA, Smith GS. Evidence for an early onset of endogenous alcohol production 
in bodies recovered from the water: implications for studying alcohol and drowning. 
Accid Anal Prev 2003; 35: 763-9. 
103. Pounder DJ, Kuroda N. Vitreous alcohol is of limited value in predicting blood 
alcohol. Forensic Sci Int 1994; 65: 73-80. 
104. Kuroda N, Williams K, Pounder DJ. Estimating blood alcohol from urinary alcohol at 
autopsy. Am J Forensic Med Pathol 1995; 16: 219-22. 
105. Harper DR. A comparative study of the microbiological contamination of postmortem 
blood and vitreous humour samples taken for ethanol determination. Forensic Sci Int 
1989; 43: 37-44. 
106. de Lima IV, Midio AF. Origin of blood ethanol in decomposed bodies. Forensic Sci 
Int 1999; 106: 157-62. 
107. Helander A, Beck O, Jones AW. Urinary 5HTOL/5HIAA as biochemical marker of 
postmortem ethanol synthesis. Lancet 1992; 340: 1159. 
48
108. Helander A, Jones AW. [5-HTOL--a new biochemical alcohol marker with forensic 
applications]. Lakartidningen 2002; 99: 3950-4. 
109. Johnson RD, Lewis RJ, Canfield DV et al. Utilizing the urinary 5-HTOL/5-HIAA 
ratio to determine ethanol origin in civil aviation accident victims. J Forensic Sci 
2005; 50: 670-5. 
110. Helander A, Beck O, Jones AW. Distinguishing ingested ethanol from microbial 
formation by analysis of urinary 5-hydroxytryptophol and 5-hydroxyindoleacetic acid. 
J Forensic Sci 1995; 40: 95-8. 
111. Helander A, Beck O, Jacobsson G et al. Time course of ethanol-induced changes in 
serotonin metabolism. Life Sci 1993; 53: 847-55. 
112. Wurst FM, Schuttler R, Kempter C et al. Can ethyl glucuronide be determined in post-
mortem body fluids and tissues? Alcohol Alcohol 1999; 34: 262-3. 
113. Wurst FM, Kempter C, Seidl S et al. Ethyl glucuronide--a marker of alcohol 
consumption and a relapse marker with clinical and forensic implications. Alcohol 
Alcohol 1999; 34: 71-7. 
114. Schloegl H, Rost T, Schmidt W et al. Distribution of ethyl glucuronide in rib bone 
marrow, other tissues and body liquids as proof of alcohol consumption before death. 
Forensic Sci Int 2006; 156: 213-8. 
115. Schloegl H, Dresen S, Spaczynski K et al. Stability of ethyl glucuronide in urine, post-
mortem tissue and blood samples. Int J Legal Med 2006; 120: 83-8. 
116. Politi L, Morini L, Mari F et al. Ethyl glucuronide and ethyl sulfate in autopsy samples 
27 years after death. Int J Legal Med 2008; 122: 507-9. 
117. Klys M, Wozniak K, Rojek S et al. Ethanol-related death of a child: an unusual case 
report. Forensic Sci Int 2008; 179: e1-e4. 
118. Appenzeller BM, Schuman M, Wennig R. Was a child poisoned by ethanol? 
Discrimination between ante-mortem consumption and post-mortem formation. Int J 
Legal Med 2008; 122: 429-34. 
119. Baranowski S, Serr A, Thierauf A et al. In vitro study of bacterial degradation of ethyl 
glucuronide and ethyl sulphate. Int J Legal Med 2008; 122: 389-93. 
120. Iffland R, Jones AW. Evaluating alleged drinking after driving--the hip-flask defence. 
Part 1. Double blood samples and urine-to-blood alcohol relationship. Med Sci Law 
2002; 42: 207-24. 
121. Bachs L, Hoiseth G, Skurtveit S et al. Heroin-using drivers: importance of morphine 
and morphine-6-glucuronide on late clinical impairment. Eur J Clin Pharmacol 2006; 
62: 905-12. 
122. Neuteboom W, Jones AW. Disappearance rate of alcohol from the blood of drunk 
drivers calculated from two consecutive samples; what do the results really mean? 
Forensic Sci Int 1990; 45: 107-15. 
49
123. Jones AW. Urine as a Biological Specimen for Forensic Analysis of Alcohol and 
Variability in the Urine-to-Blood Relationship. Toxicol Rev 2006; 25: 15-35. 
124. Jones AW. Reference limits for urine/blood ratios of ethanol in two successive voids 
from drinking drivers. J Anal Toxicol 2002; 26: 333-9. 
125. Iffland R, Jones AW. Evaluating alleged drinking after driving--the hip-flask defence. 
Part 2. Congener analysis. Med Sci Law 2003; 43: 39-68. 
126. Barz J, Bonte W, Keultjes C et al. Concentrations of ethanol, methanol, propanol-2 
and acetone in blood samples of impaired drivers. Acta Med Leg Soc (Liege) 1990; 
40: 49-60. 
127. Barz J, Sprung R, Freudenstein P et al. Investigations on methanol kinetics in 
alcoholics. Blutalkohol 1988; 25: 163-71. 
128. Sprung R, Bonte W, Lesch OM. [Methanol--an up-to-now neglected constituent of all 
alcoholic beverages. A new biochemical approach to the problem of chronic 
alcoholism]. Wien Klin Wochenschr 1988; 100: 282-8. 
129. Sprung R, Bonte W, Rudell E. [Determination of congener substances of alcoholic 
beverages and their metabolites in blood and urine samples]. Beitr Gerichtl Med 1983; 
41: 219-22. 
130. Nishikawa M, Tsuchihashi H, Miki A et al. Determination of ethyl glucuronide, a 
minor metabolite of ethanol, in human serum by liquid chromatography-electrospray 
ionization mass spectrometry. J Chromatogr B Biomed Sci Appl 1999; 726: 105-10. 
131. Schmitt G, Droenner P, Skopp G et al. Ethyl glucuronide concentration in serum of 
human volunteers, teetotalers, and suspected drinking drivers. J Forensic Sci 1997; 42: 
1099-102.
132. Droenner P, Schmitt G, Aderjan R et al. A kinetic model describing the 
pharmacokinetics of ethyl glucuronide in humans. Forensic Sci Int 2002; 126: 24-9. 
133. Kaferstein H, Sticht G, Lenartz D et al. Begleitalkohol- und 
Ethylglucuronidbestimmungen nach einer stundlichen Alkoholbelastnung von 1,8 g/kg 
mit Ouzo. Blutalkohol 2006; 43: 73-80. 
134. Halter CC, Dresen S, Auwaerter V et al. Kinetics in serum and urinary excretion of 
ethyl sulfate and ethyl glucuronide after medium dose ethanol intake. Int J Legal Med 
2008; 122: 123-8. 
135. Neumann T, Helander A, Dahl H et al. Value of ethyl glucuronide in plasma as a 
biomarker for recent alcohol consumption in the emergency room. Alcohol Alcohol 
2008; 43: 431-5. 
136. Kip MJ, Spies CD, Neumann T et al. The usefulness of direct ethanol metabolites in 
assessing alcohol intake in nonintoxicated male patients in an emergency room setting. 
Alcohol Clin Exp Res 2008; 32: 1284-91. 
50
137. Kaufmann E, Alt A. Detection of ethyl glucuronide in dried human blood using LC-
MS/MS. Int J Legal Med 2008; 122: 245-9. 
138. Morini L, Politi L, Zucchella A et al. Ethyl glucuronide and ethyl sulphate 
determination in serum by liquid chromatography-electrospray tandem mass 
spectrometry. Clin Chim Acta 2007; 376: 213-9. 
139. Hinderling PH. Red blood cells: a neglected compartment in pharmacokinetics and 
pharmacodynamics. Pharmacol Rev 1997; 49: 279-95. 
140. Hinderling PH. Kinetics of partitioning and binding of digoxin and its analogues in the 
subcompartments of blood. J Pharm Sci 1984; 73: 1042-53. 
141. Skopp G, Potsch L, Mauden M et al. Partition coefficient, blood to plasma ratio, 
protein binding and short-term stability of 11-nor-Delta(9)-carboxy 
tetrahydrocannabinol glucuronide. Forensic Sci Int 2002; 126: 17-23. 
142. Barnhill MT, Jr., Herbert D, Wells DJ, Jr. Comparison of hospital laboratory serum 
alcohol levels obtained by an enzymatic method with whole blood levels forensically 
determined by gas chromatography. J Anal Toxicol 2007; 31: 23-30. 
143. Jones AW, Hahn RG, Stalberg HP. Distribution of ethanol and water between plasma 
and whole blood; inter- and intra-individual variations after administration of ethanol 
by intravenous infusion. Scand J Clin Lab Invest 1990; 50: 775-80. 
144. Payne JP, Hill DW, Wood DG. Distribution of ethanol between plasma and 
erythrocytes in whole blood. Nature 1968; 217: 963-4. 
145. Winek CL, Carfagna M. Comparison of plasma, serum, and whole blood ethanol 
concentrations. J Anal Toxicol 1987; 11: 267-8. 
146. Helander A, Dahl H. Urinary tract infection: a risk factor for false-negative urinary 
ethyl glucuronide but not ethyl sulfate in the detection of recent alcohol consumption. 
Clin Chem 2005; 51: 1728-30. 
147. Helander A, Olsson I, Dahl H. Postcollection synthesis of ethyl glucuronide by 
bacteria in urine may cause false identification of alcohol consumption. Clin Chem 
2007; 53: 1855-7. 
148. Thierauf A, Serr A, Halter CC et al. Influence of preservatives on the stability of ethyl 
glucuronide and ethyl sulphate in urine. Forensic Sci Int 2008; 182: 41-5. 
149. Halter CC, Laengin A, Al-Ahmad A et al. Assessment of the stability of the ethanol 
metabolite ethyl sulfate in standardised degradation tests. Forensic Sci Int 2009. 
150. Ronald A. The etiology of urinary tract infection: traditional and emerging pathogens. 
Am J Med 2002; 113 Suppl 1A: 14S-9S. 
151. Boltes I, Czapinska H, Kahnert A et al. 1.3 A structure of arylsulfatase from 
Pseudomonas aeruginosa establishes the catalytic mechanism of sulfate ester cleavage 
in the sulfatase family. Structure 2001; 9: 483-91. 
51
152. Logan BK, Jones AW. Endogenous ethanol 'auto-brewery syndrome' as a drunk-
driving defence challenge. Med Sci Law 2000; 40: 206-15. 
153. Lester D. The concentration of apparent endogenous ethanol. Q J Stud Alcohol 1962; 
23: 17-25. 
154. Lester D. Endogenous sthanol: a review. Q J Stud Alcohol 1961; 22: 554-74. 
155. Helander A, Beck O. Ethyl sulfate: a metabolite of ethanol in humans and a potential 
biomarker of acute alcohol intake. J Anal Toxicol 2005; 29: 270-4. 
156. Pounder DJ, Smith DR. Postmortem diffusion of alcohol from the stomach. Am J 
Forensic Med Pathol 1995; 16: 89-96. 
157. Marraccini JV, Carroll T, Grant S et al. Differences between multisite postmortem 
ethanol concentrations as related to agonal events. J Forensic Sci 1990; 35: 1360-6. 
158. Arndt T, Gierten B, Gussregen B et al. False-positive ethyl glucuronide immunoassay 
screening associated with chloral hydrate medication as confirmed by LC-MS/MS and 
self-medication. Forensic Sci Int 2009; 184: e27-e29. 
159. Meibohm B, Beierle I, Derendorf H. How important are gender differences in 
pharmacokinetics? Clin Pharmacokinet 2002; 41: 329-42. 
160. Schwartz JB. The influence of sex on pharmacokinetics. Clin Pharmacokinet 2003; 42: 
107-21.
161. Wurst FM, Dresen S, Allen JP et al. Ethyl sulphate: a direct ethanol metabolite 
reflecting recent alcohol consumption. Addiction 2006; 101: 204-11. 
162. Politi L, Morini L, Groppi A et al. Direct determination of the ethanol metabolites 
ethyl glucuronide and ethyl sulfate in urine by liquid chromatography/electrospray
tandem mass spectrometry. Rapid Commun Mass Spectrom 2005; 19: 1321-31. 
163. Janke D, Fritsche W. Nature and significance of microbial cometabolism of 
xenobiotics. J Basic Microbiol 1985; 25: 603-19. 
164. Christrup LL. Morphine metabolites. Acta Anaesthesiol Scand 1997; 41: 116-22. 
165. Ouellet DM, Pollack GM. Biliary excretion and enterohepatic recirculation of 
morphine-3-glucuronide in rats. Drug Metab Dispos 1995; 23: 478-84. 
166. Li YQ, Prentice DA, Howard ML et al. Alcohol up-regulates UDP-
glucuronosyltransferase mRNA expression in rat liver and in primary rat hepatocyte 
culture. Life Sci 2000; 66: 575-84. 
167. Finley BL, Ashley PJ, Neptune AG et al. Substrate-selective induction of rabbit 
hepatic UDP-glucuronyltransferases by ethanol and other xenobiotics. Biochem 
Pharmacol 1986; 35: 2875-81. 
168. Iwama M, Tojima T, Iitoi Y et al. Effects of capsaicin and ethanol on hepatic drug-
metabolizing enzymes in rat. Int J Vitam Nutr Res 1990; 60: 100-3. 
52
169. Farinati F, Lieber CS, Garro AJ. Effects of chronic ethanol consumption on 
carcinogen activating and detoxifying systems in rat upper alimentary tract tissue. 
Alcohol Clin Exp Res 1989; 13: 357-60. 
170. Reinke LA, Moyer MJ, Notley KA. Diminished rates of glucuronidation and sulfation 
in perfused rat liver after chronic ethanol administration. Biochem Pharmacol 1986; 
35: 439-47. 
171. Bodd E, Jacobsen D, Lund E et al. Morphine-6-glucuronide might mediate the 
prolonged opioid effect of morphine in acute renal failure. Hum Exp Toxicol 1990; 9: 
317-21.
172. Hanna MH, D'Costa F, Peat SJ et al. Morphine-6-glucuronide disposition in renal 
impairment. Br J Anaesth 1993; 70: 511-4. 
173. Osborne R, Joel S, Grebenik K et al. The pharmacokinetics of morphine and morphine 
glucuronides in kidney failure. Clin Pharmacol Ther 1993; 54: 158-67. 
174. Schmitt G, Aderjan R, Droenner P. Formation and elimination of ethyl glucuronide in 
serum of alcoholics compared to social drinkers? 22: 166. 2-7-1998.
175. Cunningham RF, Israili ZH, Dayton PG. Clinical pharmacokinetics of probenecid. 
Clin Pharmacokinet 1981; 6: 135-51. 
176. Rang HP, Dale MM, Ritter JM et al. Drug elimination and pharmacokinetics. 
Pharmacology. Churchill Livingstone, 2003: 106-119. 
177. Tukey RH, Strassburg CP. Human UDP-glucuronosyltransferases: metabolism, 
expression, and disease. Annu Rev Pharmacol Toxicol 2000; 40: 581-616. 
178. Watson KJ, Gollan JL. Gilbert's syndrome. Baillieres Clin Gastroenterol 1989; 3: 337-
55.
179. Bosma PJ, Chowdhury JR, Bakker C et al. The genetic basis of the reduced expression 
of bilirubin UDP-glucuronosyltransferase 1 in Gilbert's syndrome. N Engl J Med 
1995; 333: 1171-5. 
180. Fox IJ, Chowdhury JR, Kaufman SS et al. Treatment of the Crigler-Najjar syndrome 
type I with hepatocyte transplantation. N Engl J Med 1998; 338: 1422-6. 
53
